Dendritic morphology determines the kinds of input a neuron receives, having a profound impact on neural information processing. In the mammalian cerebral cortex, excitatory neurons have been ascribed to one of two main dendritic morphologies, either pyramidal or stellate, which differ mainly on the extent of the apical dendrite. Developmental mechanisms regulating the emergence and refinement of dendritic morphologies have been studied for cortical pyramidal neurons, but little is known for spiny stellate neurons. Using biolistics to label single cells on acute brain slices of the ferret primary visual cortex, we show that neurons in layer 4 develop in a two-step process: initially, all neurons appear pyramidal, growing a prominent apical dendrite and few small basal dendrites. Later, a majority of these neurons show a change in the relative extent of basal and apical dendrites that results in a gradual sculpting into a stellate morphology. We also find that ϳ22% of neurons maintain the proportionality of their dendritic arbors, remaining as pyramidal cells at maturity. When ferrets were deprived of retinal input at early stages of postnatal development by binocular enucleation, a significant proportion of layer 4 spiny neurons failed to remodel their apical dendrites, and ϳ55% remained as pyramidal neurons. Our results demonstrate that cortical spiny stellate neurons emerge by differential sculpting of the dendritic arborizations of an initial pyramidal morphology and that sensory input plays a fundamental role in this process.
Introduction
The mammalian cerebral cortex contains a unique repertoire of neuronal types with characteristic dendritic arbors and axonal projections. Most cortical excitatory neurons are characterized by having a long apical dendrite (AD) that predominates over multiple shorter basal dendrites (BDs) , giving these cells a pyramidal appearance. In layer 4, however, the majority of excitatory neurons have a short apical dendrite similar to the basal dendrites, giving these cells a stellate appearance. Because dendrites are the site of most synapses, the laminar arrangement of dendrites defines the sets of information that each neuron can sample (Callaway, 1998; Briggs and Callaway, 2001) . For example, because stellate neurons confine their dendritic arbor to layer 4, the layer of termination for most thalamic afferents, the stellate morphology allows these neurons to specialize in the reception of thalamic synapses. It has been shown that, during development, cortical pyramidal cells undergo extensive dendritic growth and differentiation, leading to the specific apical and basal dendritic arborizations of mature neurons (Koester and O'Leary, 1992; Borrell and Callaway, 2002) . Numerous studies indicate that the final form and extent of these pyramidal dendritic arbors appear to result from interactions between intrinsic developmental programs and local environmental cues, including levels and patterns of neuronal activity (McAllister et al., 1995 (McAllister et al., , 1996 Whitford et al., 2002) . In contrast, little is known about the mechanisms of dendrite development leading to the emergence of the stellate morphology typical for layer 4 spiny neurons, nor the factors influencing this process.
During development, cells fated to become pyramidal neurons develop a long apical dendrite, which is lengthened and elaborated until maturity (Koester and O'Leary, 1992; Borrell and Callaway, 2002; Olson et al., 2006) . Pyramidal neurons within a layer may also be distinguished into distinct morphological subtypes by selective sculpting of their apical dendrite during development (Koester and O'Leary, 1992; Vercelli et al., 1992) . These findings suggested the hypothesis that stellate neurons might develop similarly, first emerging as pyramidal neurons and later pruning their apical dendrite (Vercelli et al., 1992) . Alternatively, layer 4 stellate neurons may develop from the onset with a short apical dendrite. Here we studied the development of dendritic arbors in layer 4 neurons of the ferret primary visual cortex, which we labeled in living slices using biolistics. We found that all layer 4 neurons initially emerged as pyramidal cells and that, later in development, a subset of them sculpted their dendritic arbor to acquire a stellate morphology. Our results suggested that dendritic sculpting involved active elimination of the apical dendrite, and passive displacement of the dendritic arbor as the cerebral cortex thickens. In contrast, the basal dendrites had similar growth and elaboration in all layer 4 neurons, indicating that the stellate phenotype results from specific remodeling to the apical dendrite. Finally, binocular enucleation in newborn ferrets caused a reduction in the proportion of stellate neurons and an increase in the size of the basal dendrites, demonstrating that the developmental transformation from pyramidal to stellate in vivo depends on retinal input.
Materials and Methods
Visual cortex slice cultures. Ferrets were obtained from Marshall Farms and kept on a 12 h light/dark cycle. All animals were treated in accordance with institutional and National Institutes of Health guidelines for the care and use of laboratory animals and protocols were approved by the Salk Institute Institutional Animal Care and Use Committee. ICR mice obtained from Harlan were mated, and the day of vaginal plug was considered embryonic day 0.5 (E0.5). Mouse procedures were performed at the Instituto de Neurociencias in accordance with Spanish and European Union regulations.
Ferret kits from eight different litters were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and decapitated. Organotypic slices of visual cortex were prepared as described previously, under sterile conditions (Borrell and Callaway, 2002) . Briefly, the brain was removed and submerged in ice-cold HEPES-buffered artificial CSF (in mM: 140 NaCl, 5 KCl, 1 MgCl 2 , 24 D-glucose, 10 HEPES, and 1 CaCl 2 , pH 7.2). The pia was removed using fine forceps, and the tissue from the posterior pole of each hemisphere was cut into a single block, containing area 17 of the visual cortex. This block was then sliced sagittally to a thickness of 400 m using a tissue slicer (Katz, 1987) . Slices were then placed onto cell culture inserts (Falcon, 0.4 m pore size; Thermo Fisher Scientific) overlying 1 ml of medium. Culture medium was composed of 50% Basal Medium of Eagle, 25% HBSS, 25% horse serum, 330 mM D-glucose, 10 mM HEPES, and 10 U/ml penicillin-streptomycin (all from Invitrogen). Slices were then incubated and maintained in a 95% humidity, 5% CO 2 atmosphere, at 37°C. The photograph in Figure 1 A was taken from material previously prepared and described in a published study (Callaway and Katz, 1992) . Following procedures approved by the Rockefeller University Institutional Animal Care and Use Committee, a postnatal day 26 (P26) cat was deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and decapitated. The visual cortex was sliced at 400 m, individual cells were intracellularly labeled with Lucifer yellow, and slices were then fixed, resectioned, mounted, and coverslipped (Callaway and Katz, 1992) . (B) , and in the barrel cortex of a P29 mouse (C), in which the apical dendrites are indicated by arrows. D, Cross-section of the barrel cortex of a P29 mouse electroporated at E13.5, in which GFP-transfected cells (green) are positioned in layer 4 and bottom of layer 2/3. Brackets delimit the area shown in C. E, F, Laminar position (E) and detailed morphology (F ) of cells in the somatosensory cortex of a newborn mouse, transfected with GFP at E13.5. Bright GFP ϩ neurons (green in E) align along the deep aspect of the cortical plate (CP) and exhibit a long apical dendrite (filled arrows) with multiple branches within the marginal zone (MZ; open arrowheads). These cells are distinguished from migrating cells in the intermediate zone (IZ) or cortical plate (open arrows) by having a much larger soma (E, F ). G, H, Representative layer 4 GFP ϩ neurons in the barrel cortex of P5 (G) and P10 (H ) mice electroporated with GFP at E14.5. These cells display typical stellate morphologies, in which the apical dendrite (arrows) is not more prominent than the basal dendrites. The lateral borders of individual barrels are indicated by dotted lines. DAPI is shown in blue. Scale bars: A-C, E, 50 m; D, 100 m; F-H, 25 m.
Enucleation. Enucleation was always performed bilaterally and on ferret kits aged P1. Kits were deeply anesthetized and maintained with 1.5% isoflurane during surgery. Eyelids were cut open, the connective tissue and muscle surrounding the eyeball was cut all around, the optic nerve was severed, and the eyeball was removed. Finally, eyelids were closed back. Enucleated animals were killed for brain slicing at different ages, together with unmanipulated control littermates (controls, n ϭ 2 kits at P18, 2 at P22, 2 at P26, 2 at P30; enucleated, n ϭ 1 kit at P18, 2 at P22, 2 at P26, 2 at P30).
Biolistic transfection. To reveal the morphology of individual cells, slices were transfected under sterile conditions using a Biolistics Helios gene gun device (Bio-Rad) within 1 h after slice preparation. This method of transfection has been shown previously not to alter dendritic morphology in transfected neurons of ferret visual cortex (McAllister et al., 1995; Borrell and Callaway, 2002) . Gene gun cartridges were prepared by precipitating 50 g of a CMVP-EGFP-N1 plasmid (Clontech) onto 12.5 mg of 1.6 m gold particles, which were then used to coat 1 m of tubing (Bio-Rad). By application of a helium pressure of 80 psi, DNAcoated gold particles were accelerated into the tissue. After 24 h of culture to allow for gene expression, slices were fixed and stained for the detection of green fluorescent protein (GFP).
In utero electroporation. Timed-pregnant mice were anesthetized with sodium pentobarbital (0.625 mg/10 g body weight, i.p.), their abdominal cavity was cut open, and the uterine horns were exposed. Approximately 1-2 l of 1 g/l DNA solution (pCAG-EGFP) was injected into the lateral ventricle of embryos aged E13.5-E14.5 using pulled glass micropipettes. Each embryo within its uterus was placed between tweezers-type electrodes (CUY650-P5; NEPA Gene), and square electric pulses (40 -45 V, 50 ms) were passed five times at 1 s intervals using an electroporator (CUY21E; NEPA Gene). The wall and skin of the abdominal cavity were suture closed, and embryos were allowed to develop normally.
Histology and immunostaining. Mice at different developmental stages (P0, n ϭ 4; P5, n ϭ 2; P10, n ϭ 2; P15, n ϭ 2; P20, n ϭ 4; P21, n ϭ 5; P24, n ϭ 1; P29, n ϭ 3; P30, n ϭ 8) were overdosed with isoflurane and transcardially perfused with 4% paraformaldehyde, and brains were cryoprotected in 30% sucrose and then cut frozen at 50 m. For the immunodetection of GFP in mouse brain sections and ferret slices, tissue was incubated in blocking solution (10% normal goat serum, 2% bovine serum albumin, and 0.25% Triton X-100 in 0.1 M phosphate buffer), followed by incubation with primary and secondary antibody solutions. The following antibodies were used: rabbit anti-GFP (1:2000; Invitrogen), chicken anti-GFP (1:1000; Aves Labs), cyanine 3-conjugated donkey anti-rabbit (1:100; Millipore Bioscience Research Reagents), and goat anti-chicken 488 (1:200, Invitrogen). Counterstaining with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) (5 M; Sigma) allowed the determination of cortical areas and laminar borders.
Cell selection and reconstruction. Ferret slices were analyzed only if visual cortical area 17, and layers within it, could be identified unequivocally. In addition, to avoid including cells in slices cut obliquely, where dendrites may have been cutoff, slices were selected only if a majority of cells appeared healthy and, within those slices, only cells with an undamaged dendritic arbor. Cells were selected only when the following criteria were fulfilled: spines visible on the dendritic arbor, and axon emerging from the bottom of the cell soma and containing collaterals ascending into layer 2/3 (particularly between P26 and P40). The dendritic arbors of selected cells were reconstructed by using a 40ϫ objective on a Leica fluorescence microscope in concert with a Neurolucida computerized reconstruction system (MicroBrightField). For comparisons between layer 4 and layer 2/3 neurons, part of the data for layer 2/3 cells was obtained from a previous study (Borrell and Callaway, 2002) .
Cells transfected with GFP in slice cultures were incubated for 24 h because the use of GFP to reveal neuronal processes requires a minimum incubation time of 24 h to allow expression and intracellular diffusion of GFP. Nonetheless, it is reasonable to assume that the morphology of dendritic arbors after 24 h in vitro is very similar to that in vivo on the day that slice cultures are made (Borrell and Callaway, 2002) .
Quantification and data analysis. For each cell reconstructed, 10 parameters were measured: (1) span of apical dendrite; (2) span of basal dendrite; (3) ratio between span of apical dendrite and of basal dendrites; (4) area of cell soma; (5) number of basal dendrites; (6) length of apical dendrite; (7) total length of basal dendritic arbor; (8) total length of apical and basal dendritic arbors; (9) number of branch points in apical dendrite; (10) branch points in basal dendritic arbor. All data were statistically analyzed by using SPSS or Matlab software; p Ͻ 0.05 was considered statistically significant.
To summarize the developmental changes in dendritic complexity, we combined the data on dendritic span, length, and number of branch points to calculate the dendrite growth index (DGI). We used a modification of the DGI described previously (Borrell and Callaway, 2002) , and DGI was calculated as follows:
where F i is the value of a given parameter i at the final of the stages compared, I i is the value at the initial stage, and C i is a normalized weighting constant whose magnitude depends on the parameter. We assigned C 1 ϭ 0.4 for dendritic span, C 2 ϭ 0.3 for total length of dendrite, and C 3 ϭ 0.3 for number of dendritic branches. The ratio F/I was set to a value of 1 for cases in which final values were not statistically distinct from initial values ( p Ͻ 0.05). According to these formulas, a DGI smaller than 1 means a significant decrease in dendritic complexity, and a DGI larger than 1 means a significant increase in complexity. Also, a larger value of DGI represents a greater increase in dendritic complexity.
Results
Pioneering descriptions of layer 4 excitatory neurons distinguished three morphological types, depending on the extension of the apical dendrite into upper layers: pyramids, star pyramids, and stellates (Jones, 1975; Staiger et al., 2004; and references therein) . In this study, we have made no specific distinction between star pyramid and pyramidal morphologies, both of which are referred to as "pyramid." The detailed morphology of single neurons, and particularly their dendritic arbor, has been extensively studied using the classical Golgi method (Ramon y Cajal, 1891). For the past few decades, single neurons have also been studied by performing intracellular injection of tracers on brain slices, such as biocytin or Lucifer yellow (Fig. 1 A) (Katz, 1987; Briggs and Callaway, 2001 ). More recently, technological advances have allowed the use of relatively simple genetic tools to label single cells in a highly efficient and unbiased manner, including biolistics in brain slices and in utero electroporation in intact brains (Fig. 1 B-D) (McAllister et al., 1995; Borrell et al., 2005; Borrell, 2010) .
Developmental sculpting of the dendritic arbor of mouse layer 4 neurons
To label individual layer 4 neurons in the mouse cerebral cortex, we transfected neocortical progenitors of E13.5 embryos in utero by electroporation. When these embryos were allowed to develop to maturity (P29), the majority of GFP-labeled cells were found in layer 4, with only a few in the lower aspect of layer 2/3 ( Fig.  1 D) . In the barrel cortex, GFP-positive (GFP ϩ ) layer 4 cells exhibited distinctive morphology of spiny stellate neurons, including a reduced apical dendrite limited to layer 4 and not extending to supragranular layers (Fig. 1C,D) (Staiger et al., 2004) .
To monitor the dendritic development of layer 4 neurons, we electroporated embryos at E13.5 with GFP-encoding DNA and performed a time course analysis of GFP ϩ cells during postnatal development. By birth (P0), the vast majority of GFP ϩ cells accumulated in the lower aspect of the cortical plate, in which layer 4 started to form right above the already distinguishable layer 5 (Fig. 1 E) . These GFP ϩ cells displayed a round soma and, strik-ingly, a thick and prominent apical process that branched a few times in the vicinity of the cortical surface, which are features typical of a developing AD in pyramidal neurons (Olson et al., 2006) (Fig. 1 F) . These cells and their apical processes were completely different from migrating neurons, which had a much thinner leading process and an elongated cell soma (Fig. 1F , open arrow). By P5, GFP ϩ neurons had multiple dendrites of similar caliber and span emerging from the cell soma in all directions, giving these cells a characteristic stellate appearance (Fig. 1G ). This morphology contrasted with the pyramidal-like appearance observed in these cells only 5 d earlier, at P0. Each of the dendrites branched several times, already forming an elaborate arbor. Five days later, by P10, GFP ϩ neurons remained with a stellate appearance, but the complexity of dendritic elaboration was greater than at previous stages (Fig. 1H ). The dendritic trees also appeared more specialized at P10, such as in the barrel field of the somatosensory cortex in which layer 4 neuron dendrites were strictly confined to the barrel hollows ( Fig. 1G,H) . The stellate appearance of layer 4 neurons did not change after P10, and the size and complexity of the apical dendrite remained equivalent to that of BDs.
Together, our results so far suggested that layer 4 neurons go through distinct phases of development: initially, they grow an AD and acquire a pyramidal morphology; on a second phase, they preferentially grow and elaborate BDs, acquiring a stellate appearance; and finally, they refine their dendritic arbor to the specialized adult morphology. Unfortunately, this whole process occurred within a very brief period of time in the developing mouse, making it difficult to pinpoint the exact developmental events involved in the transformation of layer 4 neurons from pyramidal (at P0) to stellate (at P5). To overcome this limitation, we turned to the ferret primary visual cortex, in which layer 4 spiny neurons are also stellate, as in the mouse barrel cortex ( Fig.  1 B, C) , but developmental events occur during a much longer period of time than in mouse (Jackson et al., 1989) .
Gradual switch from pyramidal to stellate morphology by selective elaboration of basal dendrites but not the apical dendrite We began our ferret analysis at P14, the youngest age when layer 4 is distinguishable in the primary visual cortex. At this age, layer 4 neurons had a very simple and poorly branched dendritic arbor, with a single AD extended up to the marginal zone and few short BDs (Fig. 2 A, B ). These morphological traits were similar to those of layer 2/3 pyramids at this same stage (Borrell and Callaway, 2002), not only qualitatively but also quantitatively, as evidenced by the analysis of span, length, and number of collateral branches for apical and basal dendrites ( Fig. 3A-F ) .
Between P14 and P22, the dendritic tree of layer 4 neurons increased in both size and complexity of arborization, but the overall morphology remained pyramidal and with little resemblance to the stellate morphology displayed in the mature cortex (Figs. 1 B, 2A-F ) . Our quantitative analysis demonstrated that the elaboration of the AD in layer 4 neurons was significant but less dramatic than that of layer 2/3 pyramids, with a gradual but much slower increase in span, total length, and branching. This difference between layer 2/3 and 4 neurons was limited to the AD, because the increase in size and complexity of the BDs was similar to that of layer 2/3 pyramids (Fig. 3) .
After P22, the dynamics of AD development of layer 4 spiny neurons stalled compared with previous stages, whereas the BD arbors continued to grow steadily in size and complexity (Figs. 2, 3 ). For example, by P26, the AD of layer 4 neurons was less prominent than at earlier stages: whereas between P14 and P18 the AD extended an average of 66 -84% of the distance between the cell soma and the pial surface of the cortex, by P26, the AD span was only 37.5 Ϯ 4.4% of that distance on average (n ϭ 33 cells, 3 animals). These emerging differences in developmental dynamics between apical and basal dendrites led those neurons to start losing their pyramidal appearance exhibited until P22 and to acquire a more stellate appearance (Fig. 2G,H ) , a tendency that was further accentuated at later developmental stages (Fig. 1 B) .
The quantitative analysis of dendritic growth and elaboration allowed us to compare the development of layer 4 spiny neurons with typical pyramidal neurons in layer 2/3. Whereas the AD of layer 2/3 pyramids increased several-fold in span, total length, and branching across development, for layer 4 neurons, these variables were quite similar at P14 and P40 (Fig. 3 A, C,E) . In addition, the number of AD branch points decreased significantly between P30 and P40 ( Fig. 3E ) (P30, 10.71 Ϯ 0.91 branch points; P40, 7.84 Ϯ 0.97 branch points; p Ͻ 0.005, t test after ANOVA for multiple comparisons), further reducing its complexity. Such a dramatic difference in AD development between layer 2/3 pyramids and layer 4 neurons was also evidenced by the DGI, which increased steadily in pyramidal neurons up to a value of 3, whereas in layer 4 neurons, it plateaued at a value of only 1.4 before decreasing back to 1.2 at the last stage analyzed (Fig. 3G) . In contrast, in the same developmental period, the basal dendritic arbor of these same layer 4 neurons doubled the span and increased 10-fold in total length and number of collateral branches, much in parallel to layer 2/3 pyramidal neurons (Fig. 3 B, D, F, H ) .
Together, our findings showed that layer 4 spiny neurons initially emerge as pyramidal cells and that as development proceeds they gradually acquire a more stellate appearance. Our findings so far suggested that this morphological transformation might take place by two simultaneous mechanisms: increase in the size and complexity of the basal dendrites, and limited growth of the apical dendrite. In A, statistical differences were found between P18 and P22 with P30 (*p Ͻ 0.05, **p Ͻ 0.01) after testing for multiple comparisons ( p Ͻ 0.001, Kruskal-Wallis test). G, H, Analysis of DGI of apical dendrite (G) and basal dendritic arbor (H ) of layer 4 and layer 2/3 neurons between P14 and P40. DGI is calculated with respect to P14 for each group independently. Black curves are trend lines (third-order polynomial) for DGI data on apical dendrite (r 2 ϭ 0.96) and basal dendrites (r 2 ϭ 0.96) of layer 4 neurons. Layer 2/3, n ϭ 25 neurons at P14; 26 neurons at P18; 32 neurons at P22; 26 neurons at P26; 25 neurons at P30. Layer 4, n ϭ 27 neurons at P14; 27 neurons at P18; 41 neurons at P22; 33 neurons at P26; 27 neurons at P30; 27 neurons at P35; 13 neurons at P40.
Developmental distinction of pyramidal and stellate morphologies from an early common pattern
In our previous analysis, we observed an important morphological heterogeneity in the apical dendrite among layer 4 cells, particularly between P30 and P40 (Fig. 4 A) , which was evidenced by the substantial variability of our measurements of AD span at those ages (Fig. 3A) . Thus, we next investigated whether such variability in AD span could be attributable to the coexistence in layer 4 of a mixture of various neuronal subpopulations with distinctive AD morphologies: cells with large AD span (pyramidal) and cells with small AD span (stellate), as has been shown previously in other species (Jones, 1975; Mates and Lund, 1983; Staiger et al., 2004) . Indeed, pyramidal neurons are characterized by having an AD span much longer than the basal dendrites, whereas stellate neurons are characterized by having apical and basal dendrites with similar span (Staiger et al., 2004) . Based on this basic morphological concept, we calculated the ratio between the span of the AD and that of the BD arbor (AD/BD) for each neuron analyzed. High values of AD/BD should be typical of pyramidal morphology, and low values (close to 1) should be typical of stellate morphology. We also reasoned that, if discrete populations of neurons exist with clearly distinctive dendritic morphologies, AD/BD values would show a clustered distribution. We found that, at all ages examined, the AD/BD ratio covered a wide range of values and appeared to have a continuous distribution (Fig. 4 B) . Nevertheless, comparing across developmental time, we found that the average AD/BD was significantly lower between P26 and P40 compared with P14 through P22 and that this mean value remained constant from P30 onward (Fig.  4 B, red line) . These results supported our initial observations that layer 4 neurons had a tendency to switch their morphology gradually during development, from a clearly asymmetric pyramidal morphology to a more radial, stellate-like morphology.
To better define the mature display of cell morphologies in layer 4 of the visual cortex, we focused on cells from P30 to P40. A detailed analysis of the frequency of AD/BD ratios during this period showed that a majority of cells had AD/BD values between 0.5 and 1.28 (Fig. 4C, shaded area) , hence bearing a relatively symmetric (stellate) dendritic arborization. This large cluster of cells was distinguishable from the rest of layer 4 neurons, which had a wide variability of AD/BD values, each at low frequency, from 1.28 to 3.45 (Fig. 4C) , and hence had largely asymmetric . n ϭ 43 neurons at P14; 101 at P18; 157 at P22; 126 at P26; 169 at P30; 51 at P35; 32 at P40. E, Quantification of the AD/BD ratio for neuronal populations categorized as pyramidal or stellate. For stellates, the ratio scatters near 1.0 at all ages. Pyramids, n ϭ 27 neurons at P14; 53 at P18; 63 at P22; 30 at P26; 33 at P30; 13 at P35; 6 at P40. Stellates, n ϭ 4 neurons at P18; 16 at P22; 35 at P26; 54 at P30; 26 at P35; 22 at P40. Data are mean Ϯ SEM; **p Ͻ 0.01, ***p Ͻ 0.001, t test after two-way ANOVA for multiple comparisons ( p Ͻ 10 Ϫ25 ). Scale bars: 100 m.
dendritic arbors (pyramidal-like). Although it was clear that the diversity of layer 4 neuron morphologies was not strictly binary (pyramidal or stellate), to understand the developmental transformation of these cells, we decided to use the AD/BD ratio as a criterion to simplify this continuous range of cell morphologies in two: either pyramidal or stellate. We defined those neurons with an AD/BD value of 1.28 or higher as pyramidal (Fig. 4 B, red arrow) and neurons with an AD/BD below 1.28 as stellate (Fig. 4 B, blue arrow) . As illustrated in the dendritic reconstructions of Figure 4A , this criterion allowed us to discriminate reasonably well between cells with a pyramidal-like and a stellate-like appearance.
When the AD/BD criterion of 1.28 was applied to all spiny cells analyzed in layer 4 throughout development, we found that, between P14 and P40, there was a gradual switch in the proportion of dendritic phenotypes. The percentage of pyramids decreased from 100% of neurons at P14 to 22% at P40, and, conversely, the proportion of stellate neurons increased from 0% at P14 to 78% at P40 (Fig. 4C) . This result was consistent with the decrease of AD/BD values observed between P14 and P40 (Fig. 4 B) . To further test the robustness of our criterion for morphological classification, we compared the AD/BD ratio between the pyramidal and the stellate cell group. At all ages, the AD/BD ratio in pyramids was more than double that in stellates, ranging between 1.98 and 2.78 in pyramidal neurons and between 0.85 and 1.13 in stellate neurons (Fig. 4 D) . These findings were a clear indication that the dendritic proportionality of the two cell groups was significantly different, and thus it was coherent with their different identification as pyramidal versus stellate.
Pyramidal neurons transform into stellates by passive displacement of their apical dendrite
Next we focused on the developmental mechanisms that lead to the transformation of layer 4 spiny neurons from exclusively pyramidal at P14 to mostly stellate at P40. A typical feature that distinguishes pyramidal from stellate neurons is the extension of their apical dendrite into superficial layers. Stellate neurons have a very short apical dendrite that remains primarily within the vicinity of layer 4, whereas pyramidal neurons extend a long apical dendrite from the cell soma to layer 2/3 and even into layer 1, close to the pial surface (Jones, 1975; Staiger et al., 2004) . Because the cerebral cortex increases in thickness during development, differentiated layer 4 neurons may progressively suffer the passive displacement of their apical dendrite to deeper positions, hence acquiring a stellate appearance. To investigate this possibility, we analyzed the vertical span of the AD of individual neurons, as proportion of the distance between the cell soma and the pial surface (S-P). Neurons extending for 90 -100% of the S-P distance were found at all ages examined, suggesting the presence of true pyramidal neurons throughout development (Fig. 5A) . In addition, a variable number of cells were found to cover Ͻ35% of S-P, suggestive of stellate neuron identity (Fig.  5A) . Indeed, the majority of these cells fulfilled the AD/BD Ͻ 1.28 criterion for stellate cells (Fig. 5A) . Direct comparison between percentage of S-P distance and AD/BD ratio demonstrated that these two features are strongly correlated in mature layer 4 cells, with putative stellate neurons forming a tight cluster in the low values (AD/BD Ͻ 1.28, S-P Ͻ 32%) and putative pyramidal neurons forming a wide cluster in the high values (AD/BD Ͼ 1.28, S-P Ͼ 32%) (Fig. 5C) . Therefore, to better understand the mechanisms underlying the developmental transformation of layer 4 neurons, we analyzed the frequency distributions of AD span as percentage of S-P distance across development. We found significant differences between early and late stages of development: at P14, the majority of neurons had an apical dendrite covering 80 -100% of S-P distance; at P18 -P22, most neurons covered only intermediate distances; and at P26 -P40, the majority of neurons had short apical dendrites covering Ͻ30% of the distance to the pia (Fig. 5 B, D) . Together, the above results suggested that, as the cortex increases in thickness during development, a large proportion of layer 4 neurons fail to elongate their AD sufficiently to maintain it extended to the superficial layers, so this is passively displaced to deeper positions and cells gradually acquire a stellate appearance. In addition, our results also showed that a minority of cells maintained their AD extended through much of the distance to the pia, suggesting that these had managed to sustain apical dendrite elongation throughout development, thus remaining as pyramidal neurons to maturity.
Reduction of the apical dendrite also contributes to the transformation of pyramidal neurons into stellates
Previous studies reported that sculpting of the apical dendrite in subclasses of cortical layer 5 neurons is achieved by elimination of portions of dendrite rather than by its passive displacement to deeper positions as the cortex thickens (Koester and O'Leary, 1992) . Our above analyses suggested that, in layer 4, the distinction between pyramidal and stellate cells during development is achieved, at least in part, by the passive displacement of the apical dendrite to lower positions, which may be caused by a failure to sustain apical dendrite elongation as the cortex thickens. Thus, we next studied whether active elimination of the apical dendrite in prospective stellate neurons may also contribute to their distinction from pyramidal neurons. A first qualitative assessment revealed that 10.5% of layer 4 neurons did not have a distinguishable AD by P30 -P40 (n ϭ 16 of 153 cells in which no apical dendrite could be identified), which was extremely rare at previous stages (n ϭ 2 of 228 cells between P14 and P26), thus highly suggestive of complete AD elimination. Second, on those neurons having an AD, we measured the span in absolute distance (AD span). Between P14 and P35, the maximum AD span of layer 4 cells increased gradually from 352 to 712 m, suggesting sustained growth of the AD (Fig.  6 A, B) . In addition, however, numerous cells with AD shorter than 200 m were present at all ages examined. Not surprisingly, most cells with short AD span fell into the stellate category (AD/BD Ͻ 1.28), and cells with long AD fell into the pyramid category (AD/BD Ͼ 1.28) (Fig. 6 A) . Although these results appeared to suggest that, during development, ADs do not retract but rather their span increases or remains unchanged, a careful examination of the dataset for the entire population suggested differently. Comparison of the frequency distributions of absolute AD span showed significant differences across development, in which the distribution peaked at the 200 -250 m range from P14 to P22, whereas from P26 to P40, the AD span distribution peaked at the 100 -150 m range (Fig. 6 B, C) . This result strongly argued in favor of a progressive shortening of the apical dendrite in a significant proportion of the layer 4 cell population (Fig. 6 A, B) . Together, the above findings suggested that a proportion of layer 4 neurons progressively modify their dendritic morphology from pyramidal to stellate by the action of two processes: the active elimination of the apical dendrite, and the passive displacement to deeper positions within the cortex. Simultaneously, a subpopulation of neurons does not retract the apical dendrite but sustains active growth, remaining as pyramids throughout development.
Elimination of retinal input impairs the sculpting of layer 4 neurons into stellates
Because sensory experience and neuronal activity are known to influence the development of cortical circuitry and function, including dendrite growth (Harris and Woolsey, 1981; McMullen et al., 1988; Huberman et al., 2008) , we hypothesized that the developmental sculpting of layer 4 spiny neurons from pyramidal to stellate could also be influenced by sensory experience. To test this hypothesis, we focused on the ferret primary visual cortex as previously and analyzed whether early elimination of retinal input by binocular enucleation might influence the pyramidal-tostellate transformation of layer 4 neurons. Our above analyses on unmanipulated animals showed that the proportions of pyramidal and stellate neurons in layer 4 remained relatively stable from P30 onward, suggesting that by P30 the dendritic sculpting of most cells had already taken place. At this age, the majority of layer 4 spiny neurons in unmanipulated control animals had a stellate appearance, and only a minority was pyramidal. In Figure 7 . Quantification of the dendritic elaboration of spiny layer 4 pyramidal and stellate neurons in ferret A17 during postnatal development. A-F, Measurements of dendritic span (A, B), total length (C, D), and number of branch points (E, F ) in apical dendrite (A, C, E) and basal dendritic (B, D, F ) arbor of pyramidal and stellate neurons between P14 and P40. Data are mean Ϯ SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, t test after two-way ANOVA for multiple comparisons ( p Ͻ 0.05). G, H, Analysis of DGI of apical dendrite (G) and basal dendritic (H ) arbor of layer 4 pyramidal and stellate neurons between P14 and P40. DGI is calculated with respect to P14 for each group independently. Black curves are trend lines (third-order polynomial) for DGI data of pyramids (r 2 ϭ 0.94) and stellates (r 2 ϭ 0.73). Pyramids, n ϭ 27 neurons at P14; 25 at P18; 32 at P22; 15 at P26; 21 at P30; 13 at P35; 4 at P40. Stellates, n ϭ 2 neurons at P18; 9 at P22; 18 at P26; 54 at P30; 14 at P35; 9 at P40. contrast, neurons in enucleated littermates had a pyramidal appearance much more frequently (Fig. 9A) . The detailed morphological analysis of these neurons allowed us to determine that the AD/BD ratio had a wide range of variation in both control and enucleates (Fig. 9B ), but on average this ratio was significantly higher in enucleated animals than in controls (controls, 1.52 Ϯ 0.13; enucleates, 1.98 Ϯ 0.15; p Ͻ 0.05, t test). Next we used the AD/BD value of individual neurons to classify them as pyramids or stellates, as previously. With this criterion we found that, in enucleated animals, 53.8% of neurons were pyramidal and only 46.2% were stellate, which was significantly different from the proportions in control littermates (34.9% pyramids, 65.1% stellates) (Fig. 8C ). This result was consistent with both our initial appreciation of neuronal morphologies and the differences in AD/BD measured between enucleates and controls. To understand the influence of retinal input on the dynamics of dendritic sculpting, we performed a time course analysis of the proportion of pyramidal versus stellate neurons in layer 4, comparing between control and enucleated animals. As shown in Figure 9D , at P18 the percentage of stellate neurons was statistically similar between controls and enucleates. Between P18 and P26, however, the percentage of stellates in control animals increased by nearly sixfold, whereas in enucleated animals, it only increased by twofold, thus becoming statistically lower already by P26. This situation remained similar at P30, the last stage analyzed (Fig.  9D) , suggesting that the differences found in enucleated animals at P30 were not attributable to a delayed development. Rather, these results were consistent with incomplete or stalled dendritic development in enucleates compared with controls.
To better understand the differences between enucleated and controls at P30, we compared the frequency distributions of AD span as before, as both percentage of the S-P distance and absolute length. In both cases, the distribution was different between controls and enucleates: enucleated animals had a larger proportion of neurons with the AD extending to intermediate and upper layers, close to the pial surface (Fig. 9E ), and they also had more neurons with a long AD and fewer with a short AD (Fig. 9F ) . This was consistent with enucleated animals having a greater proportion of pyramids than controls (Fig. 9C) . Interestingly, the AD span distributions from P30 enucleated animals The data distributions were compared by Kolmogorov-Smirnov two-sample test: for apical dendrite pyramids, all comparisons were statistically different ( p Ͻ 0.0001); for apical dendrite stellates, all comparisons were statistically different ( p Ͻ 0.01) except for P18 compared with P22, P26, and P30, for P26 compared with P30, and for P35 compared with P40 ( p Ͼ 0.05); for basal dendrite pyramids, all comparisons were statistically different ( p Ͻ 0.0001) except for P26 compared with P30 and for P35 compared with P40 ( p Ͼ 0.05); for basal dendrite stellates, all comparisons were statistically different ( p Ͻ 0.05) except for P18 compared with P22, for P26 compared with P30, and for P35 compared with P40 ( p Ͼ 0.05). C, Comparison of basal dendrites between pyramidal and stellate neurons at each individual age across the developmental period studied. Data points are mean Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01, t test after Kolmogorov-Smirnov two-sample test for differences in data distribution. In C, p values for Kolmogorov-Smirnov test at each age are indicated within the plot area. NS, Not significant, p Ͼ 0.05.
were reminiscent of those in P22 control animals (Figs. 5B, 6B, 9E,F ), again suggestive of stalled or incomplete development. Altogether, these findings demonstrated that the normal developmental sculpting of layer 4 spiny neurons was impaired in the absence of retinal input, indicating a role in this process.
Next we compared individual parameters of dendritic morphology for pyramid and stellate neurons between enucleated and control ferrets (Tables 1, 2) . Although many of the parameters analyzed revealed no statistical differences, most of them indicated that apical and basal dendritic arbors had a marked tendency to be larger and more elaborate in enucleated ferrets than in control littermates, including a longer dendritic span, greater total dendritic length, higher percentage of the S-P distance covered by the apical dendrite, and greater number of branch points (Tables 1, 2). Scholl analysis demonstrated only mild differences in the elaboration and complexity of AD between controls and enucleates ( Fig. 10 A, B) but important differences in BDs (Fig. 10C-G) . The basal dendritic arbor of layer 4 pyramidal cells had approximately similar numbers of crossings in control and enucleated animals, with the important exception at the 10 m radius, which was likely attributable to the smaller number of basal dendrites in enucleates (Fig. 10C, Table 1 ). In contrast, the basal dendritic arbor of stellate neurons was significantly more elaborate in enucleated animals, particularly in the distal half of the dendritic P18 and P30 (D) . Control, n ϭ 64 neurons at P18, 94 at P22, 90 at P26, 126 at P30; enucleated, n ϭ 44 neurons at P18, 123 at P22, 87 at P26, 104 at P30; *p Ͻ 0.05, **p Ͻ 0.01, 2 test. In enucleated animals, the sculpting of neurons into a stellate morphology affected a lower percentage of cells compared with controls. E, F, Binned distributions of apical dendrite span as percentage of the distance between soma and pial surface (E) and as absolute length from the cell body (F), for all neurons analyzed at P30 from control and enucleated animals. Each bin corresponds to a range of 10% (E), or 50 m (F), as indicated. The distributions for cells from enucleated animals were significantly different from those from control animals ( p Ͻ 0.05 in both cases, Kolmogorov-Smirnov two-sample test). Scale bar, 100 m.
tree in which the number of crossings was two to three times larger than in control neurons (Fig. 10 D) . Surprisingly, we found these exact same differences when comparing between pyramids and stellates in control animals, in which pyramids were significantly more elaborate than stellates only in the distal half of the dendritic arbor (Fig. 10 E) . Hence, these results suggested that, in enucleated animals, stellate cells might have basal dendrites with similar complexity as pyramidal cells. To test this hypothesis, we compared the Scholl analysis for pyramids and stellates in enucleated ferrets and found that cells in these two groups were identical at the distal half of the basal dendritic arbor, but pyramids were much less elaborate in the proximal domain (Fig. 10 F) . Finally, the results of all these comparisons not only indicated that stellate cells were more elaborate in enucleated animals than in controls but further suggested that stellate cells in enucleated animals might have a similar profile of elaboration as pyramidal cells in control animals, which indeed we confirmed by direct comparison (Fig. 10G) .
Together, our experiments of binocular enucleation revealed that layer 4 neurons require retinal input for sculpting their dendritic tree and transform from pyramidal to stellate. Although our initial assessments suggested that elimination of retinal input might lead to stalled or incomplete development, the last and more detailed set of analyses strongly suggested the opposite: in enucleates, many neurons failed to transform into stellates because they continued growing their apical dendrite. Moreover, even those cells that succeeded in limiting the growth of their apical dendrite and acquired a stellate appearance, they still grew and elaborated their basal dendritic arbor excessively, resembling the basal dendrites of pyramidal cells.
Discussion
Previous studies have shown that pyramidal neurons in the cerebral cortex develop their characteristic dendritic arborization by preferentially extending and elaborating a long apical dendrite over shorter basal dendrites. This process has been shown to rely on the action of various intrinsic and extrinsic factors, including guidance signals, growth factors, neurotrophic factors, and synaptic activity (Whitford et al., 2002) . In contrast, little is known about the development of layer 4 spiny stellate neurons and how they achieve their unique dendritic morphology. We show here that, in layer 4 of the ferret visual cortex, spiny stellate neurons initially develop as pyramidal cells (between P14 and P22), exhibiting a long apical dendrite and few short basal dendrites. Our data also suggests that, later on (between P22 and P30), some of these cells start shortening their apical dendrite while continuing to grow their basal dendrites, which results in the sculpting of their dendritic arborization from pyramidal to stellate. In addition, these cells are passively displaced to deeper positions in the cerebral cortex because of its gradual thickening during development, further defining their stellate appearance. However, a small proportion of layer 4 neurons continue growing and elaborating their apical dendrite, persisting as pyramidal neurons through maturity. These findings have important implications for understanding the cellular and molecular mechanisms that give rise to the adult patterns of dendritic arborization.
Pyramidal origin of layer 4 spiny stellate neurons
In most layers of the cerebral cortex, excitatory neurons exhibit a thick and long apical dendrite that outstands over multiple shorter and thinner basal dendrites, giving these cells a pyramidal appearance. In layer 4, however, a majority of excitatory neurons have a markedly short apical dendrite, which confers their dendritic arborizations a star-like appearance (Lund, 1973 (Lund, , 1988 Lund et al., 1979) . Whereas the dendritic development of pyramidal neurons has been well studied (Whitford et al., 2002) , understanding the mechanisms regulating the development of spiny stellate neurons in layer 4 has received little attention (Lund et al., 1977 Callaway and Katz, 1992; Vercelli et al., 1992 ). Here we demonstrate that spiny stellate neurons in layer 4 do not develop as such from the onset. Rather, we show that layer 4 spiny neurons are all pyramidal in origin and that, later on, the differential growth and arborization of apical versus basal dendrites is responsible for the eventual distinction between spiny stellates and pyramids. Our present findings in mouse and ferret are in agreement with pioneer observations in cat, in which callossally projecting layer 4 stellate neurons were proposed to transform from an early pyramidal morphology to a late stellate appearance (Vercelli et al., 1992) . The existence of distinct subclasses of neuronal morphologies within a single layer is not unique to layer 4 but rather a feature common with several other cortical layers (Katz, 1987; Koester and O'Leary, 1992; Dantzker and Callaway, 1998; Briggs and Callaway, 2001 ). For example, layer 5 contains two types of pyramidal neurons that differ in the span and elaboration of their apical dendrite. As in layer 4, these two different types of layer 5 pyramids also emerge during development by differential sculpting of their dendrites from an early common pattern (Koester and O'Leary, 1992) . Together with those early findings, our current observations suggest that differential development of dendritic arborizations from an early common pattern is a general mechanism in the cerebral cortex for the emergence of different dendrite morphologies among distinct neuron subclasses. tree to activity-dependent modifications. For example, inhibition of electrical or synaptic activity in cortical slice cultures enhances elongation and branching of basal dendrites in layer 4 neurons. In contrast, the growth-promoting influence of BDNF on dendrites appears to be neutralized by activity blockade (McAllister et al., 1996) . Hence, the combination of neuronal activity-dependent effects of BDNF, with the BDNF-independent effects of neuronal activity, may explain the selective and simultaneous elimination of apical dendrite and elaboration of basal dendrites in layer 4 spiny stellate neurons, as well as the effects of binocular enucleation (see below).
The role of sensory input in shaping dendritic arbors
Our experiments of sensory impairment by binocular enucleation revealed that the capacity of layer 4 pyramids to transform into stellates depends on retinal input. In the absence of retinal axons, a large proportion of layer 4 neurons in the visual cortex conserved a long apical dendrite and failed to acquire a stellate morphology, remaining as pyramidal neurons. These findings are in agreement with previous studies showing that the pharmacological blockade of spontaneous activity or synaptic transmission enhances dendritic outgrowth in layer 4 pyramidal neurons (McAllister et al., 1996) . The reception of afferent input has been shown to be important for normal dendrite development in other systems (Ló pez-Mascaraque et al., 2005; Tran et al., 2008) . In the cerebral cortex, experimental perturbation of visual, whisker, or auditory input modifies the direction of growth and the refinement of basal dendrites, resulting in altered orientation of the dendritic arbor in layer 4 neurons of rodents and rabbits (Harris and Woolsey, 1981; McMullen et al., 1988 ). Here we find that complete elimination of retinal input changes the patterns of dendrite arborization in layer 4 neurons, with an increased proportion of pyramidal neurons in detriment of stellate neurons. Specifically, our results suggest that a large percentage of neurons failed to stall apical dendrite growth, which instead continued growing prominently. Even the neurons that successfully eliminated the apical dendrite then developed excessively large basal dendrites. What mechanisms could mediate the influence of retinal afferents on the dendritic development of layer 4 neurons? Previous studies demonstrated that binocular enucleation in the ferret results in a significant loss of neurons in the lateral geniculate nucleus (LGN) (Williams et al., 2002) . However, LGN axons still target the primary visual cortex and form ocular dominance columns with remarkably normal features (Crowley and Katz, 1999) , indicating that the dendritic phenotype we observe is not caused by an absence of afferent LGN axons onto layer 4 neurons. An alternative possibility is that the dendritic development of layer 4 neurons depends on "normal firing activity" of the thalamocortical circuit. In vivo electrophysiological recordings in enucleated ferrets revealed that optic nerve transection causes a dramatic increase in the synchronization of the spontaneous firing activity in the LGN (Weliky, 1999; Chiu and Weliky, 2001) . It is possible that the generation of excessively coherent patterns of spontaneous activity during eye removal could contribute to the persistence of pyramidal cell morphologies in the primary visual cortex, by a failure to sculpt layer 4 neurons into the more specialized stellate morphology. Although much needs to be learned about the role of sensory input in the development of cortical circuitry, our study supports the notion that sensory input is important for dendritic maturation (Huberman et al., 2008) .
